A new molecule C 2 H 2 Á Á ÁCuF has been synthesized in the gas phase by means of the reaction of laser-ablated metallic copper with a pulse of gas consisting of a dilute mixture of ethyne and sulfur hexafluoride in argon.
Introduction
The coordination of transition metal atoms M, cations M + or polar salts M + X À to alkynes and alkenes has been described in terms of the interaction of the p electrons of the latter compounds with the p* orbitals of the metal atom or ion. 1,2 Such interactions achieve importance by virtue of their presence in coordination compounds that feature in hydrogenation and polymerization reactions. 3 For that reason, we have recently been investigating systematically a series of simple, gas-phase complexes of the type C 2 H 2 Á Á ÁMX which contain such interactions, where M is a coinage metal atom and X is a halogen atom. [4] [5] [6] The advantage of working in the gas phase is that distortions of the alkyne on complex formation are free from lattice or solvent effects and are therefore intrinsic to the interaction of interest. The technique employed in the synthesis of C 2 H 2 Á Á ÁMX complexes is laser ablation of the metal M in the presence of both ethyne and a source of halogen atom X in a preponderating excess of argon gas. The subsequent, rapid supersonic expansion of the mixture into a vacuum cools and stabilizes the product molecules and allows their rotational spectra to be observed. By these methods it has been possible to determine, with all the precision associated with microwave spectroscopy, the geometries of several species 4-6 C 2 H 2 Á Á ÁMX,
where MX is AgCl, AgCCH, or CuCl. In this article, we report the rotational spectra of six isotopologues of C 2 H 2 Á Á ÁCu-F. The complexes were produced by the laser ablation of metallic copper in the presence of a pulse of ethyne-SF 6 -Ar gas mixture and their spectra were detected by two versions of the Fourier-transform microwave technique. Interpretation of the spectroscopic constants thereby determined leads to a precise characterization of the distortion that ethyne undergoes when it is coordinated to CuF. The distortions will be compared with those predicted by an ab initio calculation conducted at the CCSD(T)(F12*)/AVTZ level of theory Such distortions have now been established, both experimentally and ab initio, as accompanying the attachment of C 2 H 2 to MX = CuF, CuCl, AgCl and AgCCH (where M is copper or silver, and X = F, Cl or CCH as appropriate). Variations in these distortions with (1) M and (2) X will be considered.
Experimental and theoretical methods
Experimental data for C 2 H 2 Á Á ÁCuF and C 2 D 2 Á Á ÁCuF were recorded on a chirped-pulse Fourier transform microwave spectrometer 7 operating between 7 and 18.5 GHz. The instrument has been previously described in detail. 8, 9 A gas sample was prepared containing approximately 1% C 2 H 2 (or C 2 D 2 as appropriate) and 1% SF 6 balanced in 6 bar argon. The gas mixture then pulsed over a copper target rod which was ablated with a Nd:YAG laser. The gas pulse was subsequently expanded into a vacuum chamber. For these experiments, the pulsed nozzle was placed perpendicular to the axis of microwave propagation. 10, 11 with an equivalent gas sample. These measurements were acquired with the pulsed nozzle placed coaxial with the direction of microwave propagation. Transitions measured in this arrangement appear as Doppler doublets, each normally with a full-width half maximum (FWHM) of 5 kHz (but see Section 3.1); this is compared to a FWHM of approximately 150 kHz for the perpendicular arrangement found in the broadband instrument. Only samples containing isotopes in natural abundance were employed when using this spectrometer. Geometry optimizations were performed using CCSD(T)(F12*), 12 a coupled-cluster method with single and double excitations, explicit correlation, 13 and a perturbative treatment of triple excitations. 14 An AVTZ basis set combination was used, by which we mean that the aug-cc-pVTZ basis sets 15 were used for the C, F and H atoms and the aug-cc-pVTZ-PP basis for Cu, in combination with the ECP-10-MDF effective core potential on Cu to account for scalar relativistic effects. 16, 17 The frozen-core approximation was used throughout, and all calculations were performed using the MOLPRO package. 18 The equilibrium dissociation energy D e for the process C 2 H 2 Á Á ÁCu-F = C 2 H 2 + Cu-F was also computed at the CCSD(T)-(F12*)/AVTZ level using the counterpoise correction method 19 where, for numerical stability, the CABS singles correction was not included in the correction term. The result was D e = 170 kJ mol
À1
. For the free CuF, the bond length was optimised on a series of potential curves including successive corrections for core correlation, computed at the CCSD(T) level by using the cc-pwCVQZ basis, full triples at the frozen-core level with a cc-pVQZ basis and perturbative quadruples using the cc-pVTZ basis, following a similar procedure to that employed by Gauss et al. 20 Post CCSD(T) calculations were performed using the MRCC program 21 and yielded the fully corrected bond length r e (Cu-F) = . At the CCSD(T)(F12*)/aug-cc-pVTZ level of theory, as used for C 2 H 2 Á Á ÁCu-F, the equilibrium bond length for the free CuF molecule is predicted to be 1.7422 (25) Å, where the error is that estimated (via gaussian error propagation) to arise from basis set incompleteness (0.0007 Å), core valence correlation error (0.0021 Å) and higher-order correlation (0.0011 Å).
Results

Determination of spectroscopic constants
For all six isotopologues investigated, only vibrational groundstate, a-type R-branch transitions ðJ þ 1Þ
with K À1 = 0 or 1 of the asymmetric-rotor complex C 2 H 2 Á Á ÁCu-F were observed under the experimental conditions described in Section 2. Each transition carried a resolvable nuclear quadrupole hyperfine structure resulting from a single quadrupolar nucleus 
in which Q(Cu) and rE(Cu) are the Cu nuclear electric quadrupole tensor and the electric field gradient tensor at the Cu nucleus, respectively. H R is the familiar Hamiltonian for a semi-rigid, asymmetric-rotor molecule and contains both rotational constants and centrifugal distortion constants. The H matrix was constructed in the coupled symmetric rotor basis, with the Watson A reduction 24 chosen for H R , In addition to the rotational constants,
The rotational constants of the most abundant isotopologue 12 C 2 H 2 Á Á Á 63 Cu 19 F are large enough that only one group of J + 1 -J transitions, namely that with J = 1, could be measured in the frequency range available. A set of internally consistent arguments will be presented to show that the geometry of C 2 H 2 Á Á ÁCu-F is of the planar, T-shaped type in which the non-covalent interaction of the two component molecules involves primarily the Cu atom of CuF and the p bond of ethyne, as shown in Fig. 1 . The experimental consequences of such a geometry are as follows:
(1) The molecule is a nearly prolate, planar asymmetric rotor of molecular point group C 2v , with the a axis coincident with the C 2 axis. The rotational constant A 0 is close in magnitude to the rotational constant B 0 of free ethyne. Any difference of the two rotational constants will provide quantitative information about the extent of any geometrical distortion of the ethyne molecule when subsumed into C 2 H 2 Á Á ÁCu-F.
(2) The ground-state molecule will have a small positive inertia defect
which is an important criterion of molecular planarity. It has been shown elsewhere that centrifugal distortion constants of molecules similar to C 2 H 2 Á Á ÁCu-F can be calculated ab initio with good accuracy. 6 For example, in the closely The spectroscopic constants so determined both from measurements made with the Balle-Flygare and the chirped-pulse spectrometers are displayed in Table 1 . The residuals of the fit to frequencies collected with the Balle-Flygare spectrometer were poorer than the usual few kHz. This arises because C 2 H 2 Á Á ÁCuF carries four nuclei (H, H, Cu and F) with magnetic moments of significant magnitude, in addition to the electric quadrupolar moment of the Cu nucleus. Moreover, only the lowest J transitions were available because of the relatively large rotational constants. The magnetic coupling of these nuclei (Cu, F spin-spin coupling, for example) can lead to further complicated but minor, partially resolved splitting or broadening and/or lineshape distortion of each Cu nuclear quadrupole component and is most significant at the lowest J. Therefore assignment of the magnetic sub-structure was not possible in the observed transitions of C 2 H 2 Á Á ÁCuF, particularly those with K À1 = 1, and hence larger than normal residuals in the fit of the Cu nuclear quadrupole hyperfine structure resulted. When measured with the lower resolution, chirped-pulse instrument, fitted frequencies assigned to Cu quadrupole components gave similar magnitude residuals. Reassuringly, the spectroscopic constants determined independently with the two spectrometers are identical within experimental error. F were made exclusively on the chirped-pulse instrument to conserve the more expensive isotopic materials. The spectroscopic constants Fig. 1 The geometry (drawn to scale) of C 2 H 2 Á Á ÁCu-F determined from analysis of the rotational spectra of six isotopologues. The atoms are coplanar and the principal inertia axis a coincides with the C 2 axis of symmetry. The ethyne subunit is significantly distorted relative to the free molecule, both in respect of the angle A and of the distance r(CRC). See text for discussion of the detailed geometry. Table 3 for various properties of isotopologues of the free molecules ethyne 27, 28 and cuprous fluoride 22 ). Similar conclusions (see Table 2 ) apply to the pair ( 
Molecular geometry
Of the four consequences of a planar geometry of the type shown in Fig. 1 , it was indicated in Section 3.1 that three were satisfied by experimental results for C 2 H 2 Á Á ÁCu-F. The fourth is that the inertia defect, as defined in eqn (2), should be small and positive. If the Cu atom does lie on the a axis, it is reasonable to use the mean I Thus, all the evidence so far presented is consistent with a geometry of C 2 H 2 Á Á ÁCuF of the planar, T-shaped type of C 2v symmetry illustrated in Fig. 1 , with the atoms in the indicated order. Quantitative detail of the geometry can be determined experimentally in two ways from the zero-point rotational constants of the six isotopologues of C 2 H 2 Á Á ÁCuF investigated, namely a partial r s geometry and an almost complete r 0 geometry. These results will be compared with the full r e geometry obtained from ab initio calculations carried out at the CCSD(T)(F12*/AVTZ) level of theory.
If equilibrium rotational constants (and therefore equilibrium principal moments of inertia) of the various isotopologues of C 2 H 2 Á Á ÁCuF investigated were available, the equilibrium principalaxis co-ordinates a C , b C , a H , and a Cu could be determined by means of eqn (3)- (5). In view of the molecular planarity and the existence of the symmetry operation C 
in which m D = (2DmM)/(M + 2Dm) is the reduced mass for the double substitution in the parent isotopologue of mass M leading to a mass change 2Dm. The equilibrium principal axis co-ordinate a Cu of the atom Cu, which lies on the a-axis of C 2 H 2 Á Á ÁCuF, is given in terms of changes DI b and DI c in equilibrium principal moments of inertia accompanying isotopic substitution at Cu by Kraitchman's equation Table 4 . Each refers to the principal inertia axes of 12 C 2 H 2 Á Á Á 63 Cu 19 F as the parent molecule and the chosen signs are those that lead to reasonable bond lengths. Note that the mean of A 0 for pairs of 63,65 Cu isotopologues, as given in Section 3.1, were used in the calculation of the b C and b H coordinates. The substantial uncertainties in b C and b H result from the relatively large errors assigned to A 0 . A r s coordinate a F is not available because fluorine possesses only one stable isotope and so the value of a F given in Table 4 was determined, as recommended by Costain, 32 from the other r s coordinates with the aid of the first moment condition,
in which the sum over j indicates that all atoms but F are included.
The significantly larger magnitude of a H than a C provides experimental evidence that the angular geometry of ethyne is distorted in the manner shown in Fig. 1 , that is the H atoms move away from the CRC internuclear line when the complex is formed, with the two equivalent angles A = +H-CR* (see Fig. 1 for definition) exceeding 1801. The value obtained from the r s coordinates in Table 3 is A = 194.5(6)1 (see Table 4 ), where the large error is consequent upon the errors in the A 0 values. This distortion is established with greater accuracy in the experimental r 0 and ab initio r e geometries discussed later (see below). The bond distances implied by the r s coordinates are also included in Table 4 .
When the minimum number of bond lengths and angles required to establish a molecular geometry uniquely is fitted to a sufficient number of zero-point principal moments of inertia by the least-squares method, the result is called a r 0 geometry, i.e one obtained when the rovibrational contributions e a = I Tables 1 and 2 to determine r(CR*), r(*-Cu), r(Cu-F), r(C-H), and A = +H-CR* was unsatisfactory, however, because of high correlation between two last-named quantities. To break the correlation, the following approach was used. A good estimate of r 0 (C-H) is given by adding r e (C-H) of C 2 H 2 Á Á ÁCu-F from the CCSD(T)(F12*)/AVTZ calculation to the difference r 0 (C-H) À r e (C-H) = 0.00072 Å for free ethyne 27, 28 ( Table 3) , with the result r 0 (C-H) = 1.07041 Å. This value was then fixed in the fit. The geometry and principal axis coordinates were then determined under this assumption with the aid of Kisiel's program STRFIT 34 and are included in Table 4 . There is excellent agreement with the corresponding r s quantities, given the large error in the b s coordinates propagated through the rotational constants A 0 .
Discussion
The new molecule C 2 H 2 Á Á ÁCu-F has been synthesized by interaction of the plasma produced by laser ablation of a copper rod with a supersonically-expanded pulse of gas containing SF 6 and C 2 H 2 diluted with a large excess of argon. It was detected by means of its ground-state rotational spectrum and was shown to have a planar, T-shaped geometry of C 2v symmetry, with the CuF molecule lying along a C 2 axis of the C 2 H 2 molecule. Quantitative aspects of the molecular geometry were determined through the investigation of six isotopologues. A significant finding is that the ethyne subunit is considerably distorted by the interaction of its CRC bond with the Cu atom of CuF. The H atoms move from the CRC internuclear line, in the direction away from the approaching Cu atom, so that the *RC-H angle increases from 1801 to 194.65(2)1. The CRC bond lengthens by ca. 0.04 Å. These distortions are well reproduced in the optimized geometry of C 2 H 2 Á Á ÁCu-F obtained from ab initio calculations carried out at the CCSD(T)(F12*)/AVTZ level of theory (see Table 4 ). Similar distortions have now been observed in the series of molecules C 2 H 2 Á Á ÁCuF, C 2 H 2 Á Á ÁAgCl, 4 C 2 H 2 Á Á ÁAgCCH, 5 and C 2 H 2 Á Á ÁCuCl, 6 each of which has the planar T-shaped, C 2v geometry with the metal atom adjacent to the ethyne p bond (see Fig. 1 ). The changes dA in the angle *RC-H and dr in the distance r(CRC) are [14. 65 (2) Fig. 3 displays a plot of each of dA and dr versus D e for these molecules. The origin has been included as a point in each plot because when the interaction energy D e is zero, presumably there is no distortion of the ethyne subunit. Fig. 3 shows that there is an approximate linear relationship between each of the two types of distortion dA and dr and the strength of the interaction D e . The nature of the ethyne distortions can be understood with the aid of a simple model. The nuclei of each of the C 2 H 2 Á Á ÁM-X (M = Cu or Ag, X = F or Cl) molecules all lie in the ab principal inertia plane. Let the symmetry plane of one of the ethyne p bonding orbitals lie in this plane, with that of the other p orbital perpendicular to it. When M-X approaches from large separation and takes up its position along a C 2 axis of ethyne (which then becomes the a axis of the new molecule), the partial The r e geometry was optimized at the CCSD(T)(F12*)/aug-cc-pVTZ level of theory. b The errors in r s coordinates a X are those given by da = (0.0015 Å)/a, as suggested by Costain in ref. 32 . The errors in r s coordinates b X are those propagated from the poorly determined rotational constants A 0 .
c Assumed value obtained by adding the difference r 0 (C-H) À r e (C-H) = 0.00072 Å of the quantities for free ethyne to r e (C-H) calculated for C 2 H 2 Á Á ÁCu-F and given in the final column. See text for discussion.
positive charge d+ that exists on the M atom in the species M-X (the metal halides have large electric dipole moments in the range B5 or 6 D) 35 polarizes electron density preferentially from the p orbital (p ab ) in the molecular plane. The larger the polarization, the more the p bonding in the ethyne molecule will resemble that of an ethene molecule in which the symmetry plane of its p bonding orbital is perpendicular to the ab plane and the C-H bonds lie in the ab plane.
In the limit of very large polarization of the p ab electrons, when both are completely removed from ethyne to yield the ion C 2 H 2
2+
, the distortions would be of the order dA E 601 and dr E 134.5 À 120.6 = 13.9 pm, where 134.5 and 120.6 pm are the CC distances in the ground state 3 S g À of the dication 36 C 2 H 2 2+ and in ethyne, 27 respectively. Similar distortions have been observed in C 2 H 4 Á Á ÁM-X (M = Cu or Ag), 6, 37 in which M-X lies on the C 2 axis of C 2 H 4 that is perpendicular to the plane of the C 2 H 4 nuclei. Similar arguments can be used to rationalize the distortions in these molecules, but with C 2 H 4 2+ as the limiting dication. Fig. 3 Plots of the angular distortion dA (see Fig. 1 for a definition of the angle dA) and the extension dr of the CRC bond of ethyne on formation of the complexes C 2 H 2 Á Á ÁMX against the energy D e required for the dissociation reaction C 2 H 2 Á Á ÁMX = C 2 H 2 + MX. dA and dr are experimentally determined while the D e values are calculated ab initio at the CCSD(T)(F12*)/AVTZ or AVDZ level of theory. The origin is included as a point under the assumption that zero interaction energy is associated with dA = 0 and dr = 0.
